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Abstract— River hydrokinetic energy (RHE) turbines for 
electric power generation are generally deployed in an array or 
farm configuration to benefit from economies of scale. To 
support resource assessments and decision making, RHE 
developers need to be able to quantify the total power that can 
be generated within a river reach using an array (or arrays) of 
RHE turbines. The total extractable power for a given site 
depends on (i) the drag and power characteristics of individual 
turbine devices, (ii) turbine wake hydrodynamics and wake 
interactions within arrays, and (iii) macro scale river 
hydrodynamics, which may be altered by the presence of 
turbine arrays. Quantifying total extractable power therefore 
requires the ability to simulate hydrodynamics at both river 
reach (macro) and turbine/array (micro) scales simultaneously. 
In this paper, we present modifications of the TELEMAC-3D 
source code, implemented as a first step in facilitating 
estimation of the total extractable power for arrays of RHE 
turbines. The methodology is based on the assumption that the 
locations, geometry and performance characteristics of 
individual turbines are known a priori (e.g. from CFD 
simulations or physical model tests). Preliminary work to 
validate the methodology, by comparing the results of 
numerical flume tests for cylinders and simplified turbines with 
numerical and physical modelling data, is presented. 
Limitations, and future research needs to enable a unified 
approach to RHE resource assessment, are identified. 
I. INTRODUCTION 
Identifying suitable sites for river hydrokinetic energy 
(RHE) development requires the ability to quantify not only the 
potentially available (i.e. theoretical) resource within a river 
reach, but also the maximum portion of that resource that can be 
exploited using presently available RHE turbine technology. 
This is frequently an optimization exercise, balancing the 
number and configuration of RHE turbines against the impacts 
on river hydrodynamics to determine the maximum harvestable 
or extractable power. It is widely accepted that failing to 
incorporate the potential impacts of energy extraction on 
hydrodynamics can significantly overestimate the extractable 
resource [1]. 
The impacts of RHE turbine arrays on river hydrodynamics 
may include areas of increased and reduced flow speeds and 
water levels at the reach scale (hundreds of metres to 
kilometres). At the array scale (tens to hundreds of metres), the 
wake hydrodynamics of individual turbines and turbine-wake 
interactions are dependent on river stage and flow conditions, 
turbine size and geometry, and the spacing and configuration of 
turbines within an array. Both the reach scale hydrodynamics 
and array scale hydrodynamics influence the power that can be 
extracted by individual turbines within an array, and therefore, 
the optimal array configuration and total extractable power for a 
river reach. For example, downstream devices in an array may 
experience lower flow velocities than those at the leading edge 
of the array, because of the velocity reduction in the wakes of 
the upstream devices. The turbulence generated by the wake of 
an upstream device or drag element may also alter the drag or 
thrust imparted by a downstream turbine [2] [3]. Effective 
resource assessment and optimization for RHE turbine farms 
therefore requires the ability to analyse coupling and interactions 
between hydrodynamics at the river reach (macro) and array 
(micro) scales.  
As explained above, turbine-wake interactions within an 
array depend on the wake characteristics of individual turbines 
(i.e. device-scale hydrodynamics). In general, drag and wake 
characteristics for specific devices are known a priori for a 
range of flow conditions based on computational fluid dynamics 
(CFD) simulations or physical model testing, which are suited to 
resolving the high frequency motions and complex device 
geometries at turbine scales. Consequently, analyses of device-
scale hydrodynamics can typically be decoupled from the reach- 
and array-scale assessments. The results of CFD modelling or 
physical modelling may be used to characterize wake 
hydrodynamics at the scale of an individual turbine, for input to 
separate analyses of hydrodynamics within a turbine array and / 
or the river reach. 
This paper presents preliminary work and findings from a 
multi-phase research project, which will combine physical 
modelling, CFD modelling, and numerical hydrodynamic 
modelling techniques to support the development of new and 
improved methodologies and guidelines for RHE resource 
assessment. 
II. STUDY BACKGROUND 
The National Research Council (NRC), Natural Resources 
Canada and Université Laval are conducting collaborative 
research to improve methodologies for RHE resource 
assessment at river reach scales. The research programme 
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options: (i) a uniform drag distribution over the frontal area of 
the device and (ii) a spatially varying drag distribution. 
However, any number of drag distributions could easily be 
added to capture the drag characteristics of specific devices.  
The computed drag forces are applied as implicit source 
terms in the U- and V- momentum equations (S1U%R and 
S1V%R, respectively) since the flow approaching an individual 
turbine is expected to be predominantly horizontal. However, a 
similar source term could easily be applied to the vertical 
momentum equation, if desired. Finally, the power output for 
each turbine (PTEC) is evaluated based on eqn. (2) and written 
to a FORMATTED RESULTS FILE at each time step. 
VI. BENCHMARKING AND VALIDATION – SURFACE-
PIERCING CYLINDER 
A. Methodology 
A series of numerical tests were conducted to verify that 
the modifications of the TELEMAC-3D source code 
described in Section V performed as intended, in terms of 
modifying the velocity distribution in the downstream wakes 
of individual drag (turbine) elements.  
The first series of tests involved simulating the 
hydrodynamic response to a 1 m diameter surface-piercing 
(emergent) cylinder in a steady flow, modelled using four 
different approaches (numerical simulations listed as A01 to 
A04 in Tab. 1). 
The objective of these simulations was to (a) establish 
general consistency between the 2D and 3D approaches to 
drag parameterization, and identify any differences, and (b) 
to assess the effectiveness of the parametric approaches (in 
2D and 3D) in capturing wake velocity distributions 
downstream of a drag element (cylinder). 
The simulations were carried out in a 50 m long by 10 m 
wide numerical flume, with a horizontal mesh resolution of 
0.2 m, decreasing to 0.1 m in the immediate vicinity of the 
cylinder for simulations where it was fully resolved (A01 and 
A03).  
TABLE 1. SUMMARY OF VALIDATION RUNS – VERTICAL CYLINDER 
Run 
ID 
Simulation Type Description 
A01 TELEMAC-2D 
Cylinder fully resolved (i.e. 
represented as a land 
boundary in the mesh) 
A02 TELEMAC-2D 
Cylinder drag forces 
parameterized using the 
DRAGFO subroutine 
activated using the 
VERTICAL STRUCTURES 
keyword 
A03 TELEMAC-3D Cylinder fully resolved  
A04 TELEMAC-3D 
Cylinder drag forces 
parameterized using the 
source code modifications 
described in Section V  
 
For the non-hydrostatic TELEMAC-3D simulations, nine 
fixed planes were specified at elevations of 0.0 m, 0.5 m, 1.0 
m, 1.5 m, 2.0 m, 2.5 m, 3.0 m, 3.5 m and 4.0 m above the 
bottom. All simulations incorporated identical bed friction 
(uniform Strickler coefficient of 40 m1/3/s), turbulence 
parameters (constant eddy viscosity of 1 x 10-6 m2/s) and 
numerical parameters (default). The water depth was 
initialized to 4.0 m and fixed at the downstream boundary. 
The discharge at the upstream boundary was increased 
linearly from 0.0 m3/s to an arbitrary value of 10.0 m3/s over 
a period of 400 s and kept constant for the remainder of the 
simulation to reach approximately steady state conditions. 
The total duration of each simulation was 2,000 s. The depth-
averaged velocity upstream of the cylinder was 
approximately 0.25 m/s, corresponding to a Reynolds’ 
number, Re = 2,500 (cylinder diameter length scale). This 
corresponds to a subcritical, laminar wake regime (e.g. 
p.349,[15]). 
For simulations A01 and A03, the cylinder was centred in 
the flume at a location 10D downstream of the inlet, where D 
is the cylinder diameter for this series of tests. For 
simulations A02 and A04, which involved parametric (drag 
force) approaches to modelling the cylinder, a drag 
coefficient CD =1 was applied within a square of side D centred on the same location. CD = 1 is based on the following curve fit from White (p.210, [16]):  
CD = 1 + 10.0Re-2/3,   1.0 < Re < 2 x 105      (3) 
which is accurate for an infinitely long cylinder. For the 
three-dimensional simulation (A04), the local drag 
coefficient was doubled for the surface and near-bed layers, 
to account for observed free and fixed end effects on local 
drag coefficients (e.g. [6] [17]).  
B. Results and discussion 
The computed depth-averaged velocity ratios (the ratio of 
the local depth-averaged velocity magnitude to the value in 
the absence of the modelled cylinder) are shown in Fig. 4 for 
Simulations A01 to A04. Grid lines in Fig. 4 are at intervals 
of 2D. The wake velocity distributions for two-dimensional 
and three-dimensional simulations where the cylinder was 
fully resolved (A01 and A03) are broadly in agreement. 
Velocity gradients in the transverse direction (perpendicular 
to the flow) are somewhat higher and persist further 
downstream (i.e. slower wake recovery) in the TELEMAC-
3D simulation (A03). It is noteworthy that simulation A03 
was the only run to exhibit unsteady vortex shedding in the 
wake of the cylinder. The results for run A03 shown in Fig. 4 
are therefore based on a temporal average of the last 18 
minutes of the simulation, or 3T, where T is the observed 
period of vortex passage. For all other simulations, the results 
are based on the final time step of the simulation. 
For simulations A02 and A04, the depth-averaged 
velocity ratio is overestimated along the flume centreline at 
distances less than 10D downstream of the cylinder (Fig. 5). 
This is not surprising since the displacement of fluid owing 
to the presence of the cylinder cannot be captured by the drag 
parameterization approach [18]. The velocity distribution 
will therefore be inaccurate in the immediate vicinity (within 
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10-15D according to [19]) of the cylinder. At downstream 
distances greater than 10D, the two-dimensional drag 
parameterization (A02) continues to overestimate the 
velocity ratio by 8-10 %. In this region, the three-
dimensional drag parameterization (run A04) more closely 
captures the centreline depth-averaged wake velocity 
distribution and the velocity ratio is generally within 3-4 % 
of the value for the simulation with a fully resolved cylinder 
(A03). A limited number of tests indicated the modelled 
velocities are sensitive to mesh resolution. For example, 
increasing the horizontal mesh resolution to 0.1 m for run 
A04 resulted in a 9% decrease in the centreline velocity ratio 
at a distance 30D downstream. Predicted velocities are also 
likely sensitive to drag coefficients, turbulence parameters, 
Re regime, and advection schemes. On a relative basis, the 
results demonstrate that the new TELEMAC-3D drag 
parameterization is comparable and consistent with the drag 
parameterization in TELEMAC-2D. 
 
Figure 4. Depth average velocity ratio for simulations A01 to A04. 
 
Figure 5. Depth average velocity ratio along the centreline of the flume for 
simulations A01 to A04. 
Depth-averaged velocity gradients across the flume 
(normal to the direction of flow) in the downstream wake are 
higher for the TELEMAC-3D simulations compared to the 
TELEMAC-2D simulations. Since this applies to both the 
fully resolved cylinder and parametric drag scenarios, we 
hypothesize that this result may be sensitive to turbulence 
parameters. It is expected that higher eddy viscosities in the 
numerical model would result in smoother velocity gradients 
in the wake region, and shorter wake recovery distances. 
VII. BENCHMARKING AND VALIDATION – PHYSICAL 
MODEL OF SIMPLIFIED TURBINE (POROUS PLATES) 
A. Methodology 
Two numerical tests were conducted using the drag 
parameterization implemented in TELEMAC-3D (Section 
V), for comparison with physical model (laboratory) test 
results. 
The physical model testing, described in the following 
section, involved using simplified model turbines (porous 
plates) in a flume to investigate wake velocity distributions 
under an imposed steady current. The flume geometry (0.05 
m horizontal mesh resolution and 9 fixed, evenly spaced 
layers) and physical model scenarios were numerically 
replicated using TELEMAC-3D, wherein the porous plates 
were represented as drag elements. A drag coefficient of CD = 1.2 was assigned to the porous plates, based on the 
experimentally determined relationship between CD and plate porosity presented in Castro [20]. The horizontal drag force 
associated with the porous plates was then calculated based 
on CD and Ur (evaluated at 5D upstream) and applied locally at model nodes within the area occupied by the plates (i.e. 
following the approach described in Section V). Several 
turbulence closure schemes and parameter values were tested 
in the numerical model, including Smagorinsky, constant 
viscosity and mixing length models. 
B. Physical model test set-up 
A physical model of a simplified turbine and a turbine 
array was constructed in the 97 m long by 2 m wide Large 
Wave Flume (LWF) at the National Research Council of 
Canada’s laboratory in Ottawa (Fig. 6). Using information 
provided by project partners, the dimensions of common 
cross-flow turbines at prototype scale, as well as river 
dimensions and flow speeds, were scaled to suit the geometry 
of the LWF.  The LWF is equipped with a current generation 
system comprised of 12 electrically-powered variable speed 
thrusters installed in a tunnel below the flume sub-floor. 
When activated, the thrusters generate a steady circulation 
within the tunnel and in the open space above the sub-floor. 
The current speed and direction is regulated by adjusting the 
rotation speed of the thrusters.   
Porous plates were used to represent a simplified RHE 
turbine in the physical model. The porous plate extracts 
energy from the flow through small scale turbulence caused 
by the water flowing through the holes in the plate, to 
simulate extraction of energy by a rotating turbine. The 
porous plate used in the model was 0.3 m wide (transverse 
direction in the flume) and 0.2 m tall (vertical dimension) 
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and had a porosity of approximately 40 % (i.e. holes 
comprised 40 % of the total area of the plate). For this phase 
of the testing, the model represented a typical turbine at a 
geometric scale of approximately 1:20.  
A total of 48 holes of 0.025 m diameter were drilled into 
the 12 mm thick PVC plate to create the simplified turbine.  
The plate was mounted to a support made from 2.6 mm sheet 
metal. The plate support was designed to minimize 
interference with the flow and the downstream wake field 
emanating from the simplified model turbine. The support 
(Fig. 7) was 0.69 m tall and 0.15 m long and included a 0.05 
m wide by 0.3 m high gap immediately upstream of the plate.  
This gap allowed the flow to travel unobstructed around the 
sides of the porous plate. The upstream edges of the plate 
supports were grinded into knife edge profiles to minimize 
flow disturbance by the support itself. The support was 
levelled and anchored into the bottom of the flume, and 
stabilized with wires connected to the side of the flume. The 
resulting structure was stiff and exhibited minimal vibration 
during testing.   
The simplified turbine models were placed in two 
arrangements: (i) Configuration B01 – a single turbine 
approximately 28.5 m downstream of the flow inlet and 
centred within the flume (Fig. 7); and (ii) Configuration B02 
– two turbines side by side and separated by a distance of 0.3 
m (Fig. 8). 
The simplified turbine models were subjected to steady 
flow conditions (undisturbed streamwise depth-averaged 
velocity of approximately 0.7 m/s and water depth of 
approximately 0.75 m). A series of velocity measuring 
devices were used to characterize the velocity distribution in 
the wake of the porous plate. The instrumentation included 
one Valeport 2-axis electromagnetic current meter (ECM) 
and five Vectrino 3-axis acoustic Doppler velocimeters 
(ADVs). Velocities were measured on a pre-determined grid 
extending up to 40D downstream of the simplified turbines 
(where D = 0.2 m).   
 
Figure 6. Longitudinal view of the large wave flume at NRC’s Ottawa 
laboratory. 
 
Figure 7. Simplified model turbine consisting of porous plate and supports. 
 
Figure 8. Configuration B02 – two simplified model turbines. 
This experimental data will be used in future phases of 
the research project to calibrate and validate a CFD model of 
the simplified turbines, followed by physical and CFD 
modelling of more realistic cross-flow turbines. 
C. Results and discussion 
Contour plots showing measured (from physical model 
tests) and modelled (TELEMAC-3D) velocity ratios 
downstream of the porous plates at an elevation of 0.45 m 
above the bottom are shown in Fig. 9 (Configuration B01 – 
one porous plate) and Fig. 10 (Configuration B02 - two 
porous plates). This elevation represents approximately the 
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immediate vicinity of turbines (within about 10-15D), which sets 
a minimum distance between turbines in an array for the 
methodology to remain valid. Allowing for an additional buffer 
distance upstream of each device (corresponding to the distance 
to the reference velocity location), the turbine spacing limit at 
which the approach is valid may be prohibitively large at some 
sites. Modifications of the parameterization in TELEMAC-3D 
could be explored to partially address this limitation, such as the 
introduction of porosity in the momentum equations (e.g. p. 43,  
[18]).  
In closely packed arrays of turbines, accurately modelling 
turbine wake velocities, turbulence, and turbine-wake 
interactions becomes more important  [11]. In densely packed 
arrays, a simple extrapolation of the results for isolated turbines 
is not appropriate. CFD and laboratory studies combining 
multiple turbines in different array configurations are needed to 
provide a unified description of drag and power at scales ranging 
from individual drag elements (turbines) to river reaches. 
Previous research investigating hydrodynamics, drag, and wake 
interactions in arrays of aquatic vegetation may offer valuable 
insight ( [21] [22], and references therein). 
Recent research  [19] suggests that the average flow speed 
through the turbine (aperture velocity) may offer a better 
alternative for the reference velocity in comparison to the free-
stream velocity since this perturbed value is independent of the 
channel blockage. However, measuring or simulating flow 
velocities in the aperture of a moving cross-flow turbine to 
support the evaluation of drag and power coefficients is not a 
trivial task. Further laboratory and CFD modelling work is 
needed to investigate the practicality of this approach. Minor 
additional modifications of the TELEMAC-3D source code 
presented here would be needed to facilitate a change in the 
reference velocity. However, an understanding of the 
relationships between local velocities and velocities upstream of 
the turbine remains important to avoid mesh-dependent results  
[11]. 
B. Wake characteristics 
Accurately modelling the characteristics of the turbine near-
wake (velocity deficit and turbulence) is critical for optimizing 
turbine placement within an array. Although the results 
presented here indicate some promise in modelling wake 
velocity distributions at distances downstream of RHE turbines, 
some discrepancies in the predicted wake recovery distances 
were identified as discussed. It is anticipated that further 
calibration or tuning of turbulence closure models and mesh 
sensitivity testing would lead to improved results. Correction 
terms could be added to turbulence closure models to account 
for the turbulent kinetic energy production by turbines  [1]. 
Recent research  [19] suggests that the implementation of 
spatially and temporally varying drag coefficients could also 
facilitate improved predictions of turbine wake characteristics. 
The TELEMAC-3D source code posted on the openTELEMAC-
MASCARET web forum includes an example where the drag 
coefficient can optionally be specified as having a Gaussian 
distribution in space. The addition of alternative spatial 
distributions or Reynolds number-dependent drag coefficients 
would require trivial programming effort. 
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